ment to the microorganism and make some kinds of spatial restriction in order to lead to effective application (Jen et al., 1996; Kozlyak et al., 1991) . Higher cell density in the culture can be obtained after cell immobilization, and the immobilization matrix also provides protection to the cells. In addition, cell immobilization also includes other advantages such as easy recycling, good stability, durability, and high functional efficiency, as well as the tolerance to the disadvantageous environmental conditions such as temperature, pH, toxic substances, etc. At present, cell immobilization possesses extensive application and developmental potential in the scopes of food, biology, environmental protection, and medicine (Coughlan and Kierstan, 1988; Kourkoutas et al., 2004; Leon et al., 1998) . Gel entrapment of lactic acid bacteria in health-care drinks can effectively enhance its tolerance to gastric juice, bile salts, etc., and increase its survival and activity in human intestinal tracts (Doleyres et al., 2004; Kailasapathy and Masondole, 2005; Ibrahim et al., 2004; Lee and Heo, 2000; Sun and Griffiths, 2000) . Among all the gels available for gel entrapment, Ca-alginate and k-carrageenan are the gels with appropriate properties and popularly used as entrapment matrices for cell immobilization (Turker and Hamamci, 1998) . The objective of this research is to study the enhancement effects of cell entrapment immobilization of L. rhamnosus on the cell survival in freezing and during the frozen storage, and Ca-alginate and k-carrageenan were used as the gel entrapment matrices. The new application of L. rhamnosus in food processing was investigated, and new frozen products with probiotic effects may be developed.
L. rhamnosus BCRC 10940 cultures were purchased from the Bioresource Collection and Research Center of the Food Industry Research and Development Institute at Hsinchu, Taiwan, and kept on MRS agar and stocked at Ϫ20°C. Sodium alginate, calcium chloride, k-carrageenan, and potassium chloride were used for entrapment immobilization. The strain was activated by MRS broth twice (37°C, microaerobic), and mixed with aseptic 11% (w/v) NFDMS (non-fat dry milk solids) solution by 1 : 1 ratio. The culture was then divided into 2 ml each and stored at Ϫ40°C. The frozen culture was defrosted before the experiment and 1% inoculum was inoculated in the MRS medium and activated at 37°C for 24 h. The suspension culture was continued to perform the second activation at 37°C for 18 h by 1% inoculum before being used as the starter (King and Lin, 1995; King and Su, 1993) .
For Ca-alginate entrapment, sodium alginate was used as the matrix, and the precultured cell suspension was aseptically mixed with 2% (w/v) aseptic sodium alginate solution by 1 : 1 volume ratio at room temperature. The obtained 1% cell-sodium alginate mixture was pumped through a syringe needle to form droplets by using a peristaltic pump (RP-1000, Eyela, Japan). The droplets were dropped into a 0.2 M calcium chloride solution to form cell-containing Ca-alginate gel beads with diameters around 2.6 mm. The resulting gel beads were kept at 4°C for 2 h for complete gelation (King and Zall, 1983a; Tsen et al., 2003) . For k-carrageenan entrapment, the precultured cell suspension was aseptically mixed with 4% (w/v) aseptic k-carrageenan solution by a volume ratio of 1 : 1 at room temperature. The obtained 2% cell-k-carrageenan solution was pushed through the syringe needle to form droplets by using a peristaltic pump (RP-1000, Eyela), and the droplets were dropped into a 0.3 M potassium chloride solution at room temperature to form cell-containing k-carrageenan gel beads with diameters ca. 3.0 mm. The obtained gel beads were stored at 10°C for 2 h to insure complete gelation (Cassidy et al., 1997; King and Zall, 1983b; Tsen et al., 2002) .
Appropriate amounts of immobilized cells were then used for fast freezing (freezing at Ϫ80°C for 24 h) and slow freezing (freezing sequentially at 20°C, 4°C, Ϫ4°C, Ϫ20°C respectively for 3 h and then at Ϫ80°C for 24 h), and those with better survival were stored at Ϫ20°C, Ϫ40°C, Ϫ60°C, and Ϫ80°C separately. Viable cell number was determined by sampling at regular intervals during storage. Free cells were also used for the experiment as the control. Frozen samples were defrosted with tap water before the determination of viable cell numbers (Bâati et al., 2000; de Giulio et al., 2005; Fernandez Murga et al., 1998; Gilliland and Lara, 1988; Kailasapathy and Sureeta, 2004; Krasaekoopt et al., 2006) . After defrosting, the samples were cultured on MRS agar and the standard plate count method (SPC method) was used to determine the viable cell number (Speck, 1984) . For the determination of viable lactic acid bacteria number, Ca-alginate entrapped samples were dissolved in 4% EDTA (ethylenediaminetetraacetic acid) solution (Champagne et al., 1993 (Champagne et al., , 1996 Kearney et al., 1990) , and physiological saline was used for the dissolution of k-carrageenan gel beads (King and Zall, 1983b) .
About 100 beads were placed in 100 ml 4% EDTA solution or physiological saline, and shaken gently for 20 min at room temperature. The viable cell number of the obtained dissolved solution was measured according to the standard plate count method (SPC method).
In this research, L. rhamnosus was entrapped by Ca-alginate and k-carrageenan, and the storage test was conducted after slow freezing and fast freezing treatments of the immobilized cells. Table 1 shows the results of viable cell variation after fast and slow freezing treatments of immobilized and free L. rhamnosus. It was found that the survival of L. rhamnosus for immobilized cells was better than for free cells after freezing (de Giulio et al., 2005) , and that of Ca-alginate entrapment was better than k-carrageenan entrapment. This might be owing to the difference in the gelation mechanism of these two gels. Ca-alginate 2007 Freezing-resistance of Lactobacillus rhamnosus 217 possesses an egg-box pattern, which is more compact and provides better protection to the entrapped cells (Harris, 1990) . In addition, the protection of gel entrapment was found to be more effective with slow freezing. Because freezing might cause direct damage to cells (Bâati et al., 2000) , the survival of free L. rhamnosus was found to be poor as shown in Table 1 . On the other hand, since immobilized cells possessed the protection of the gel matrix, survival was found to be higher. However since the gel matrix might have been damaged in the freezing process, the survival declined during the storage (Fig. 1) . Although the destruction of the gel matrix was less for fast freezing compared to slow freezing, the slow freezing might have gradually induced the freezing resistance of the cells and finally demonstrated better results than the fast freezing. Table 2 displays the variation of viable cell numbers in different temperature stages during slow freezing, and the induction of freezing resistance could be found. Because the slow freezing process exhibited better survival, the slow freezing samples continued to be used for the storage experiment. For the variation of viable cell numbers during storage, the survival of gel entrapped L. rhamnosus was better than for free cells, and the effect of Ca-alginate entrapment was better than k-carrageenan entrapment. Besides, the survival of both immobilized and free cells increased with the decrease of the storage temperature. Especially at the storage of Ϫ80°C, the viable cell numbers of both Ca-alginate and k-carrageenan immobilized cells remained almost constant. Because Ca-alginate and k-carrageenan possess different gelation mechanisms (Jen et al., 1996) , different protection effects therefore resulted. Both Ca-alginate and k-carrageenan immobilized cells have been applied in fermented foods, and significant effects and benefits were obtained (Augustin, 2003; Ross et al., 2002) . Besides, since the polysaccharides extracted from seaweeds, such as the k-carrageenan and alginate used in this research, have been approved for human consumption (Mabeau and Fleurence, 1993) , the findings in this study would provide a novel approach for the application of L. rhamnosus in frozen foods. Table 2 . Viable cell count (log CFU/ml or log CFU/ml gel) of free and immobilized L. rhamnosus during slow freezing process. 
